Objectives: The aim of this open-label, non-randomized, clinical trial was to evaluate the feasibility of trialing ziconotide by intrathecal bolus injections.
Introduction
Continuous intrathecal infusion of morphine in humans was first described in 1981 (1) . Since then, the practice of intrathecal analgesia (ITA) has undergone a tremendous development, not least concerning infusion devices. ITA is considered to play a small but important part in the treatment of intractable cancer pain (2) (3) (4) . For chronic non-cancer pain patients, however, the use of ITA is controversial (5) . A systematic review from 2007 concluded that in chronic non-cancer pain patients, pain intensity seems to improve with ITA, but opioid doses increase over time and long-term effects remain unclear, due to lack of long-term follow-up (i.e. >2-3 years) (6) . The recommendation strength for ITA has been described as "moderate" in cancer pain and as "limited to moderate" in non-cancer pain (7) . The majority of patients treated with ITA have non-cancer types of pain (8) .
The most significant ITA-related development in recent years has been the introduction of ziconotide, a synthetic analogue of a conopeptide found in the venom of the fish-hunting marine snail Conus magus (9) .
Ziconotide is a non-opioid that selectively blocks N-type voltage-sensitive calcium channels in the Rexed lamina I and II of the spinal cord dorsal horn (10, 11) . The effectiveness of ziconotide has been assessed in three randomized controlled trials (12) (13) (14) . It is since 2007 considered to be a first-line ITA drug (15, 16), ziconotide and morphine being the only analgesics approved for intrathecal infusion for pain control by the Food and Drug Administration (9) . Typical opioid adverse events (AEs) such as respiratory depression, tolerance or dependence have not been described for ziconotide (17). However, ziconotide has a narrow therapeutic window (11, 17) and several neurological AEs have been reported, e.g. dizziness, ataxia, abnormal gait, nystagmus, or nausea. Ziconotide AEs tend to occur more commonly at higher doses (18, 19) , and a slow-titration strategy is recommended (11) . Due to the risk of psychiatric AEs (11, 20, 21) , patients with a history of psychosis should not be treated with ziconotide (11, 22) . Patients have to be closely monitored for cognitive impairment, hallucinations or changes in mood (19).
Before starting long-term ITA, patients often undergo an ITA-trial in order to evaluate the efficacy and tolerability of the planned treatment (23). Trial practices vary widely (24). Ziconotide trialing can be done either by continuous intrathecal infusion via an external pump, or by bolus injections (23). Bolus trialing is simpler and cheaper (25), but the evaluation is more difficult since the duration of the clinical effect is brief. Ziconotide has been administered by bolus injections in one earlier study by Mohammed et al (26) (who followed an expert-based, agreed-upon algorithm), as well as in small studies that have not hitherto been published in peer-reviewed journals (27) (28) (29) .
The aim of this open-label, non-randomized, phase II clinical trial was to evaluate the feasibility of intrathecal bolus injections trialing of ziconotide (Prialt®) in patients with posttraumatic and/or postoperative, peripheral, neuropathic pain refractory to conventional pharmacological treatment, using the same agreed-upon algorithm as Mohammed et al (26).
Materials and Methods

PATIENTS
Patients with peripheral, postoperative/posttraumatic, neuropathic pain were invited to participate.
Inclusion criteria were 1) patient, at least 18 years of age, suffering from chronic (≥6 months) pain, who had failed on conventional pharmacological treatment; only patients with peripheral neuropathic pain due to trauma or surgery were included; 2) Visual Analogue Scale Pain Intensity during week before inclusion ≥ 40 mm (VASPI-inclusion); 3) patient capable of judgment, i.e. able to understand information regarding the drug, the mode of administration and evaluation of efficacy and side effects; 4) signed informed consent.
Exclusion criteria were 1) limited life expectancy (investigator's judgement); 2) intrathecal chemotherapy;
3) known or suspected intracranial hypertension; 4) known liver or kidney disease, defined as serum transaminases, total bilirubin, alkaline phosphatase or creatinine >1.2 Upper Limit of Normal (ULN); 5) advanced cardio-pulmonary disease (investigator's judgment); 6) ongoing infection, whether systemically or locally in the lumbar area; 7) coagulopathy (including medication with warfarin, clopidogrel and heparin); 8) allergy to ziconotide or any of the excipients in the ziconotide vial; 9) history of psychiatric disorders which in the investigator's opinion would put the patient at risk; 10) pregnant or lactating woman (menstruating women had to use contraceptives during the trial period); 11) participation in another clinical trial during the last 30 days.
Basic demographic data were collected. Present and past medical history was taken, including concomitant medication and previous use of analgesics. A physical examination (including neurological) was performed, and the presence of neuropathic pain was assessed (30) . Forty patients were considered for eligibility, 33 were assessed, and 26 were included in the study (Figure 1) .
EFFICACY ASSESSMENTS
The primary outcome variable was patient-reported VASPI. A horizontal, 0-100 mm, continuous, unmarked line was used, zero representing no pain and 100 mm worst pain imaginable. The patients were asked to draw a line perpendicular to the VASPI-line at the appropriate place (31) . Immediately before each ziconotide injection, VASPI was reported for three time frames: past week (VASPI-7d); past 24 hrs (VASPI-24h); current (VASPI-now). After each ziconotide injection, patients reported VASPI-now hourly for 6 hours (separate sheets of paper were used for each hourly rating), and the mean of these 6 postinjection values was calculated (VASPI-mean). Ziconotide-induced Percentage Pain Reduction (PPR) was calculated using pre-injection VASPI-now and post-injection VASPI-mean (i.e., the mean of the 6 postinjection values). At 6 hours post-injection, the Patient Global Impression of Change (PGIC-6h) was also recorded. PGIC is a 7-point scale that ranges from "very much improved" to "very much worse" with "no change" as the mid-point (32) . At 24 hours post-injection, the patient graded VASPI-24h, VASPI-now and PGIC for the past 24 hours (PGIC-24h).
SAFETY ASSESSMENTS
Before each ziconotide injection, a blood sample for Creatine Kinase (CK) was taken (17). Moreover, a pregnancy urine test was obtained from all menstruating women. An intravenous glucose infusion was started before each injection, and the patients remained fasting for 6 hours. During the first hour postinjection, they remained in the supine position and vital signs (heart rate, blood pressure and oxygen saturation) were recorded every 15 minutes. Thereafter, vital signs were recorded hourly for 5 hours. Mean arterial pressure (MAP) was calculated using systolic blood pressure (SBP) and diastolic blood pressure (DBP) as follows: MAP = (SBP + (2 * DBP))/3 (33) . At 6 hours post-injection, the protocol stated that the patient could either stay in the hospital overnight or be discharged (investigator's judgment).
An Adverse Event (AE) was defined as any undesirable experience appearing within 24 hours after each injection, whether or not considered related to intrathecal ziconotide. All AEs reported spontaneously by the subject or observed by the investigators were recorded in a specific AE-form and in the medical record.
The intensity was graded by the investigator on a 3-point scale: mild (discomfort but no disruption of normal daily activity); moderate (discomfort sufficient to reduce or affect normal daily activity); severe (inability to perform daily activity). An AE of moderate or severe intensity was considered to be significant, and only significant AEs influenced the way patients progressed in the study algorithm (see below). For each adverse event the relation to the ziconotide bolus was rated as: probable; possible; unlikely; not assessable.
In accordance with the principles of Good Clinical Practice (GCP, see below), the occurrence within 24 hours after each injection of an AE that was fatal, life-threatening, disabling or required/ prolonged inpatient hospitalization or caused congenital anomaly was defined in the protocol as a Serious Adverse Each patient received up to three ziconotide bolus injections according to a comprehensive expert-based, agreed-upon algorithm (Figure 2) . The first bolus dose was always 2.5 µg of ziconotide. After this first injection, the way the patient progressed in the algorithm depended on the presence or absence of pain relief (defined as PPR ≥ 30%) and on the presence or absence of a significant AE (as defined above).
Briefly, if the patient experienced:
 no pain relief and a significant AE, no second injection was given  no pain relief and no significant AE: the dose of the second injection was increased to 3.75 µg  pain relief and no significant AE: a dose of 2.5 mcg was repeated for confirmatory purposes  pain relief and significant AE: the dose of the second injection was decreased to 1.25 µg Following the same principles, a third injection could be given to patients who had received 1.25 or 3.75 µg at second injection. For details, see the algorithm presented in Figure 2 . One week ± three days elapsed between each injection.
A patient was considered a "responder" if experiencing pain relief (PPR ≥ 30%) and no significant AE (as defined above) on two consecutive occasions at the same dosage. All other cases were defined as "nonresponder". Moreover, PPR ≥ 30% was considered clinically significant (32) .
Before or after participating in the study, some patients also tried Spinal Cord Stimulation with an externalized electrode (test-SCS).
QUALITY CONTROL AND ETHICS
Ziconotide (Prialt®) is approved for intrathecal continuous infusions, not bolus injections. Hence, the relevant authorities in Sweden considered that the standards of ICH-GCP (International Conference of Harmonization -Good Clinical Practice) had to be applied in this study. Accordingly, this EudraCT 2010-018920-21 study was conjointly approved by the MPA and the Regional Ethics Committee (REC) in Linköping, Sweden. Study monitoring was effectuated by the Linköping Academic Research Center (LARC), based at University Hospital, Linköping, Sweden. The study protocol was pre-published on-line on ClinicalTrials.gov (identifier NCT01373983), which is a registry database of publicly and privately supported clinical studies for human subjects. ClinicalTrials.gov is a service of the US National Institutes of Health.
STATISTICS
For all analyses, we used IBM® SPSS® Statistics Version 21. Unless stated otherwise, results of continuous variables are given as mean ± SEM. As stated above in the "Trialing procedure" subsection, patients were descriptively classified as responders or non-responders according to how the followed the study algorithm (Figure 2) . Because of the complicated data structure generated from the study algorithm (each patient receiving one, two or three bolus injections), a summary measures approach was chosen for inferential statistics (34) . Hence, for patients who were injected twice or thrice, mean values were calculated at each time point for VASPI, pulse, blood pressure, PGIC and ziconotide dose, resulting in one set of outcome data for each patient. Repeated Measures Analysis of Variance (RM-ANOVA) and paired t-test were used to measure change over time. When the assumption of sphericity was not met for RM-ANOVA (i.e. when Mauchly's test ≤0.05), Greenhouse-Geisser was chosen. Using a Bonferroni correction for post hoc analysis was judged to be far too conservative (high risk of Type II error); least significance difference was chosen instead in SPSS (equivalent to no correction). Moreover, Fisher's exact test or Wilcoxon signed ranks test were used when appropriate. A two-sided significance level of 0.05 was chosen for all analyses.
A retrospective power calculation revealed a power of >99% to detect a 20 mm difference between VASPI-now and VASPI-mean for this sample size (paired-data calculation for 23 injected patients; probability of Type I error = 0.01; observed standard deviation of difference between VASPI-now and VASPI-mean = 15 mm).
Results
A total of 36 injections were given to 23 patients (13 men and 10 women), aged 56±2 years with a pain duration of 79±13 months and a VASPI-inclusion of 71±3 mm. All patients had at least probable neuropathic pain according to the criteria published by Treede et al (30) , meaning that all had pain with a neuroanatomically plausible distribution (criterion 1), all had a history suggestive of a relevant lesion affecting the somatosensory system (criterion 2), and all had congruent neurological signs (criterion 3) and/or a relevant diagnostic test confirming the lesion (criterion 4). All patients but two had or had tried opioids; all patients but one were on or had tried amitriptyline and/or duloxetine; all patients but one were on or had tried gabapentinoids (gabapentin and/or pregabalin). Moreover, 18 patients also tried test-SCS.
For further detailed characteristics of injected patients, see Table 1 .
According to the study algorithm, three patients out of 23 (13%) were responders, 17 (74%) were nonresponders, and three (13%) did not complete the algorithm subsequent to the first injection (Figure 2 and Figure 3 ). PPR for each injection is depicted in Figure 4 . Although only 13% were responders according to the strict criteria of the study, seven patients (30%) still achieved ≥ 30% pain reduction on a least one injection, i.e. almost a third of patients experienced clinically meaningful pain reduction at some time during the trial (Figure 4) . RM-ANOVA of pre-injection VASPI-now and hourly for six hours after injection revealed significant changes over time (p=0.047, Figure 5 ) after a mean ziconotide dose of 2.75 µg. Pairwise post hoc analysis showed that the only time point which significantly differed from any other time point was the pre-injection VASPI-now; it differed significantly from time points 1h, 2h, 4h and 5h.
Moreover, VASPI-mean was significantly lower than pre-injection VASPI-now (p=0.019). However, preinjection VASPI-24h did not differ significantly from post-injection VASPI-24h (p=0.078). The PGIC mode was "no change", both after 6 and 24 hours.
Eight out of the 20 patients completing the study algorithm were on concomitant gabapentinoids, but none of the three responders had concomitant gabapentinoids. There was no statistical association between concomitant treatment with gabapentinoids and response to ziconotide (Fisher's exact test, p=0.242).
Likewise, six patients out of 20 were on concomitant duloxetine or amitriptyline; none of these was a ziconotide responder. No statistical association was found between concomitant treatment with duloxetine/amitriptyline and response to ziconotide (Fisher's exact test, p=0.521).
For patients injected at least twice, we were able to compare CK levels before and after the first injection.
No statistically significant CK change was found on group level, CK being 3.52±0.77 µkat/l before injection and 3.15±0.70 µkat/l one week after (p=0.286, n=11). Four patients out of 11 had a higher CK one week after injection compared to before, but only one of them had a clinically significant increase (from 3.4 µkat/l to 7.3 µkat/l). Despite a second ziconotide injection one week after the first, the CK levels of that patient returned to normal after one more week (3.0 µkat/l) and stayed normal thereafter.
Fifteen out of 23 patients experienced a total number of 33 AEs on 18 occasions. No SAE occurred. AEs occurring more than once were, in falling order of frequency: dizziness (9); tiredness (6); headache (5 -none of them being a classical post dural puncture headache); nausea and/or vomiting (3); itch (2) . All AEs were consistent with the SPC, and all resolved. 17 out of 33 AEs were mild, 16 were moderate, and none was severe. The relation to the ziconotide bolus was rated as probable in 24 cases; possible in 7; unlikely in 2; not assessable in one. When the relation to ziconotide was assessed to be probable or possible, the number of days to AE stop date was 1 (0-6) day (median, range).
We found statistically significant changes of both MAP and heart rate over time with RM-ANOVA (p<0.001 and p<0.001, respectively) (Figure 6 ), but no patient experienced any clinically significant cardiovascular effect: no MAP was <75 mm Hg at any time point; the maximum percentage drop in MAP was 7% (-3%-26%) (median, range); the maximum percentage increase in MAP was 6% (-2%-21%) (median, range); no heart rate value dropped under 50; heart rate exceeded 100 only once (value of 101).
After the first injection (n=23), all patients but three stayed overnight at the post-anesthesia care unit; the other three were discharged home after 6 hours (patient's wish and investigator's judgment). Concerning the subsequent injections (n=13), the patients were discharged home after 6 hours in 9 out of 13 cases.
Sixteen of the patients who completed the study algorithm did also try test-SCS: 8 out of 16 (50%) were non-responders to both test-SCS and ziconotide bolus injections; one out of 16 (6%) responded to both treatment modalities; and seven out of 16 (44%) responded to either test-SCS or ziconotide bolus injections. There was no statistical association between response to test-SCS and response to ziconotide bolus injection (Fisher's exact test, p=1.000)
Discussion
In this small cohort of neuropathic pain patients highly refractory to conventional pharmacological treatment, we have evaluated he feasibility of ziconotide bolus trialing according to a complex algorithm that took both PPR and moderate/severe AEs into account (Figure 2) . We found a low proportion of responders (13%) according to the strict criteria of the study. However, 30% of patients experienced ≥30% pain relief on a least one injection, yielding a Number Needed to Treat (NNT) of ~3 for clinically significant pain relief.
Hitherto, only one other study of this kind has been published in a peer-reviewed journal (26). In that study, with a very similar study algorithm to ours and a similar number of patients, Mohammed et al found a much higher proportion of responders (55%). However, and in contrast to our study, Mohammed et al did not clearly specify what a "significant" AE was. When comparing the number of AEs (76 events in a total of 41 injections) reported by Mohammed et al to the low number of cases when AEs actually influenced the way patients progressed in the algorithm, one gets the impression that only very severe AEs were considered "significant". One could therefore speculate that the proportion of responders would perhaps have been lower in the Mohammed study had they used the same grading system for AEs as we did (with both moderate and severe AEs influencing the way patients progressed in the algorithm). One could also speculate that the proportion of responders would have been higher in our study had we defined only "severe" AEs as significant (as opposed to "moderate or severe"). This could be considered to be an important limitation in our study design. However, in the Mohammed study, 9 out of 11 responders received 2.5 µg or less. Hence, based on the Mohammed study, increasing the dose to 3.75 µg does not seem to generate a dramatically higher rate of responders. All in all, it is difficult to compare the way our respective cohorts flowed through the algorithm. This illustrates that even a seemingly "objective" flow chart is amendable to subjective interpretations (e.g. concerning what a "significant" AE really is). In the future, we think that ziconotide bolus injection trialing should rely on a much simpler algorithm, focusing on PPR and (perhaps) disregarding the lower dose of 1.25 µg (which was not used in our study). One way to focus more on PPR would be to allow only severe AEs (i.e., inability to perform daily activities) to influence the way the patient progresses in such a trial algorithm.
The predictive value of being a responder in a ziconotide bolus injection trial is not known (23). Even though this can also be said of continuous intrathecal infusion trialing via an external pump, it could be argued that the latter method more accurately mimics the conditions of an implanted pump and therefore should be preferable. However, this assertion is not evidence-based. There is still a substantial lack of knowledge concerning the optimal method of ziconotide trialing (23).
AEs in our study were as expected according to the SPC. The incidence of post dural puncture headache is low when using pencil-point needles (35) , and in this study no case of classical post dural puncture headache occurred. No SAE occurred, but the sample size was small, making it unlikely to detect rare reactions to ziconotide bolus injections. Likewise, because of the small sample size, we cannot state that CK testing is unnecessary in the bolus setting. The clinically significant rise of CK in one patient is difficult to interpret, as a new injection was followed by normalized levels after one week.
It is important to acknowledge that the starting bolus dose (2.5 µg) is the dose commonly given per day when initiating ziconotide intrathecal infusion. Given that ziconotide is a highly hydrophilic molecule with very slow tissue penetration (10) , and given that its half-life in the cerebrospinal fluid is well under 6 hours (36, 37), injecting high doses might be necessary for bolus trialing. Taking this pharmacological profile into account might be another argument for preferring continuous intrathecal infusion trialing via an external pump. Clearly, there is a need for more studies assessing the predictive values of different ziconotide trialing methods.
Ziconotide directly inhibits norepinephrine release, resulting in decrease in MAP, but this is said to be negligible when ziconotide is given intrathecally as opposed to intravenously (11) . According to the SPC, hypotension is a common AE. Indeed, we found a statistically significant effect on MAP and heart rate over time, and Mohammed et al reported five cases of unspecified hypotension (26). However, it is important to stress that we did not find any clinically significant change in MAP or heart rate. In our opinion, it is unclear whether the statistically significant changes in MAP and heart rate resulted from 1) a sympatholytic effect of ziconotide, 2) pre-injection anxiety subsiding over time, or 3) an unspecific physiological effect due to the fact that patients remained in the supine position during the first hour postinjection. Overall, the doses used in this and other bolus studies (26-29) were well tolerated, but ziconotide bolus trialing should still only be effectuated in institutions with full-scale resuscitation competence (38) .
The median half-life of ziconotide in CSF is 4.5 hours (37) . Hence, after 6 hours, CSF levels have dropped significantly. However, the observable pharmacologic effect during infusion treatment develops slowly (i.e., there is a lag between pharmacokinetics and pharmacodynamics) (18) and, as mentioned above, the tissue penetration is slow. Therefore, there is a theoretical possibility that our patients could have experienced late-onset pain reduction (i.e., during the period 6-24 hours post-injection). But the Mohammed study also has a time frame of 6 hours, and they report a proportion of responders of 55% during that time frame. Crucially, our patients did not report any significant pain reduction for the 24 hours-period post-injection compared to the 24 hours-period pre-injection. Hence, our patients did not seem to experience late-onset pain reduction.
The Polyanalgesic Consensus Conference (PACC) recommendations on trialing for intrathecal analgesia suggest that a patient can be discharged from hospital 12 hours after a single-shot ziconotide trial (provided normal neurologic function) (39) . In the light of our own experience, we think that this PACC recommendation is sensible. However, if the patient lives alone or very far away from the hospital, an overnight stay is appropriate, and we do not think the patient should drive for at least 24 hours. On the other hand, if a patient has tolerated a first ziconotide bolus injection without any major side effects, we think it is defensible to consider discharging him/her 6 hours after a renewed bolus injection. Of course, thoroughly informing the patient about possible upcoming side effects is especially important before such an early discharge.
Mohammed et al did not report concomitant and previous analgesics. Another difference between our studies is that the cohorts were drawn from different populations. The patients in the present study had post-traumatic and/or post-operative, peripheral neuropathic pain; Mohammed et al had a more heterogeneous sample with about half the patients having unspecified neuropathic pain. Whether this accounts for part of the difference in results between our two studies is unclear, but it is interesting to notice that a recent systematic review has shown that the rate of placebo responders depends on the type of neuropathic pain -for instance, patients with posttraumatic/postsurgical pain seem less likely to be placebo responders than patients with diabetic neuropathic/polyneuropathic pain (40) . Might the difference in study populations indicate that our patients were perhaps less prone to placebo than patients in the Mohammed study?
The placebo effect is a well-known phenomenon, not least in pain medicine (41) . This phenomenon is highly variable and depends on several contextual factors (42) . Interestingly, the placebo effect is thought to be stronger for invasive procedures (43) and for open-label treatments (as opposed to double-blind trials) (42) . Still, this invasive and open-label study only had 13% responders. In another study of this cohort of patients (44), we have recently shown that the CSF levels of beta-endorphin are low compared to healthy controls, perhaps indicating a defective top-down modulation of nociception. In this context, it is interesting to note that the placebo effect, at least in part, is thought to involve top-down modulation of nociception (41) . Whether this has any bearing on our results remains an open question.
Far from being placebo responders, 8 out of 16 patients in the present study responded neither to test-SCS nor to ziconotide bolus injections. In the chronic pain setting, this kind of unresponsiveness to available treatment modalities is not unusual, and the concept of "global non-responders" is illustrative in this respect (45) . Arguably, our study population consists of a rather high proportion of "global nonresponders". The existence of such "global non-responders" implies a call for more translational pain research, focusing on the mechanisms of different pain conditions in humans. Hence, human biomarker studies are warranted in order to better understand the mechanisms of different neuropathic pain states and why some patients respond to a specific treatment while others don't.
Conclusion
We conclude that 1) ziconotide bolus injection trialing seems feasible; 2) the proportion of responders in the present study was low, but there was a subgroup of responders; 3) AEs were as expected according to the SPC, and no SAE occurred; 4) the predictive power of ziconotide bolus trialing remains unclear; 5) the pharmacological profile of ziconotide (with very slow tissue penetration due to high hydrophilicity) calls the rationale for bolus trialing into question; 6) patients refractory to all available treatment modalities are a reminder of the need for more research into the mechanisms of different pain conditions. 
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